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Hydrolytic Pathway Protects against
Ceramide-Induced Apoptosis in Keratinocytes
Exposed to UVB
Yoshikazu Uchida1,2, Evi Houben3, Kyungho Park1,2, Sounthala Douangpanya1,2, Yong-Moon Lee4,
Bill X. Wu5, Yusuf A. Hannun5, Norman S. Radin6, Peter M. Elias1,2 and Walter M. Holleran1,2,7
Although ceramides (Cers) are key constituents of the epidermal permeability barrier, they also function as
apoptogenic signals for UVB irradiation-induced apoptosis in epidermal keratinocytes. As epidermis is
continuously exposed to UV irradiation, we hypothesized that Cer hydrolysis protects keratinocytes from
UVB-induced apoptosis by attenuating Cer levels. Both low-dose UVB (L-UVB) (o35mJ cm2) and high-dose
UVB (H-UVB) (X45mJ cm2) irradiation inhibited DNA synthesis in cultured human keratinocytes, but
apoptosis occurred only after H-UVB. Whereas Cer production increased after both L- and H-UVB, it normalized
only in L-UVB-exposed keratinocytes, but remained elevated after H-UVB. Both acidic ceramidase (aCDase) and
neutral ceramidase (nCDase) activities declined after L- and H-UVB, but returned to normal only in L-UVB cells,
with decreased CDase activities or mRNA or protein levels being sustained in H-UVB cells. Inhibition of CDase
using either a CDase inhibitor, N-oleoylethanolamine, or small interfering RNA (siRNA) (either to a- and/or
n-CDase(s)) sensitized keratinocytes to L-UVB-induced apoptosis in parallel with further Cer accumulation.
Blockade of sphingosine kinase 1 (SPHK1) (but not SPHK2) by siRNA also increased apoptosis in L-UVB
keratinocytes, revealing that conversion of sphingosine to sphingosine-1-phosphate (S1P) further protects
keratinocytes from UVB-induced cell death. Thus, Cer-sphingosine-S1Pmetabolic conversion protects
against UVB-induced, Cer-mediated apoptosis in keratinocytes, but excessive UVB overwhelms this mechanism,
thereby leading to keratinocyte apoptosis.
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INTRODUCTION
Increased ceramide (Cer) production in response to certain
exogenous stressors, including oxidative stress, induces
apoptosis (Hannun and Obeid, 2002). Yet, keratinocytes
produce abundant Cer (Lampe et al., 1983) to form the
epidermal permeability barrier required for mammalian
survival in a terrestrial environment (Holleran et al., 2006).
In addition, because epidermis is situated uniquely at the
environmental interface, this external organ is continuously
at risk from high levels of endogenous Cer, coupled with
exposure to oxidative stressors such as UV irradiation.
Despite identification of several stressors that induce Cer-
mediated apoptosis, as well as delineation of many of the
downstream signals that trigger subsequent apoptotic pro-
cesses, the putative mechanisms that protect cells against
Cer-induced events have not been fully elucidated. Whereas
increased intracellular Cer levels comprise a key pharmaco-
logical mechanism in cancer chemotherapy, conversion of
Cer to nonproapoptotic Cer metabolites instead allows
multidrug-resistant cancer cells to escape from Cer-induced
apoptosis (Radin, 2003). Along with others, we have also
shown that upregulated conversion of Cer to glucosylcer-
amide (GlcCer) by GlcCer synthase is a protective pathway in
certain chemotherapy-resistant cancer cells (Liu et al., 1999;
Uchida et al., 2004).
Hydrolysis of Cer to sphingoid base and free fatty acids by
ceramidase (CDase) can also protect against apoptosis by
reducing intracellular Cer levels. Accordingly, drug- or
radiation-resistant and nonresistant cancer cells become
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more susceptible to apoptosis when CDase activity is
inhibited (Raisova et al., 2002; Morales et al., 2007). Yet,
sphingosine generated from Cer is another proapoptotic
species (Cuvillier, 2002). Sphingosine is also reused for Cer
production in cells after oxidative stress (Sultan et al., 2006).
Conversion of sphingosine to sphingosine-1-phosphate (S1P)
by sphingosine kinase (SPHK) not only allows cells to escape
from excess sphingosine, but it has also been found that S1P
has antiapoptotic properties as well (Spiegel and Milstien,
2002), including keratinocytes (Manggau et al., 2001).
However, even S1P may not always be protective, as S1P,
generated in the endoplasmic reticulum by SPHK2, can be
dephosphorylated and reincorporated into Cer, resulting in
apoptosis (Maceyka et al., 2005). Moreover, nuclear SPHK2
serves as an antimitogenic and proapoptotic factor (Okada
et al., 2005). Thus, it remains unclear whether downstream
generation of S1P from Cer protects keratinocytes from
oxidative stress.
UV irradiation is a major environmental stressor that
results in altered cutaneous functions, for example, induction
of inflammation, dyspigmentation, premature aging, skin
cancer, and attenuation of barrier function (Fisher et al.,
1996; Gilchrest et al., 1996; Haratake et al., 1997; Beissert
and Schwarz, 1999). UVA-generated singlet oxygen increases
Cer production in cultured human keratinocytes (CHKs),
accompanied by downstream ICAM-1 expression (Grether-
Beck et al., 2000). We demonstrated that UVB stimulates
sphingolipid production in both CHK and murine epidermis
(Farrell et al., 1998), and that increased de novo Cer synthesis
is required for UVB-induced apoptosis in keratinocytes
(Uchida et al., 2003). In addition, sphingomyelinases are
activated in CHK exposed to UVB irradiation, accompanied
by an increase in both cellular Cer levels and apoptosis rates
(Magnoni et al., 2002).
In this study, we investigated an additional protective
mechanism against Cer-induced apoptosis, that is, whether
Cer hydrolysis, catalyzed by two CDase isoforms (acidic
CDase (aCDase) and/or neutral CDase (nCDase)), restricts Cer
levels after UVB exposure. We demonstrate that conversion
of Cer-to-sphingosine by aCDase and/or nCDase, followed by
phosphorylation of sphingosine to S1P by SPHK1, protects
keratinocytes from UVB-induced apoptosis.
RESULTS
Restriction of Cer production reduces apoptosis levels in
UVB-irradiated CHK
We have shown that UVB irradiation diminishes DNA
synthesis at doses above 25–30mJ cm2, but apoptosis does
not become evident in CHK until UVB doses exceed
45mJ cm2 (Uchida et al., 2003). We first investigated the
relationship between UVB doses, apoptosis, and Cer produc-
tion. Increases in TUNEL-positive cells and poly(ADP-ribose)
polymerase (PARP) cleavage became evident 24 hours after
high-dose (H-UVB) treatment, whereas low-dose UVB
(L-UVB) irradiation did not induce apoptosis (Figure 1a).
Yet, Cer synthesis increased significantly at 8 hours in both
L- and H-UVB-irradiated CHK, but remained elevated at
24 hours only in H-UVB-treated cells (Figure 1b). Finally,
Cer content also increased significantly in both L-UVB- and
H-UVB-irradiated cells at 8hours (Figure 1c). Yet, whereas Cer
levels returned to control levels by 24hours in L-UVB-treated
cells, they increased still further after H-UVB (Figure 1c).
We next assessed whether the Cer hydrolytic pathway is
altered in keratinocytes after UVB irradiation. Whereas
sphingosine content increased in both L-UVB- and H-UVB-
irradiated cells (sham, L-UVB, and H-UVB¼55, 443, and
174 pmole per mg protein, respectively), the Cer to
sphingosine conversion was significantly higher in L-UVB-
treated cells than in H-UVB (ratio of Cer to sphingosine
content: L-UVB, 51.2 and H-UVB, 237.6). These results show
that changes in both Cer production and hydrolysis correlate
with the presence or absence of apoptosis after H-UVB vs.
L-UVB.
Blockade of CDase sensitizes keratinocytes to UVB-induced
apoptosis, leading to Cer accumulation
To assess directly whether the Cer hydrolytic pathway
protects against Cer-induced apoptosis in UVB-irradiated
keratinocytes, we next blocked the activities of one or both
CDase isoforms (aCDase and nCDase) in cells. The number
of apoptotic cells increased when L-UVB-treated cells were
coincubated with N-oleoylethanolamine (NOE), a competi-
tive inhibitor of both aCDases and nCDase (Sugita et al.,
1975; Bielawska et al., 1996) (Figure 1a). NOE cotreatment
further increased apoptosis levels in H-UVB-irradiated CHK
(Figure 1a). The lactate dehydrogenase assay also revealed
significantly increased cell death in NOE-treated CHK,
irradiated with L-UVB (Figure 2a). Moreover, increased PARP
cleavage became evident in cells cotreated with L-UVB and
NOE (Figure 2a insert), whereas apoptosis did not increase in
CHK treated with the same concentration of NOE alone
(Figures 1a, 2a insert). These results show that blockade of
CDase activities sensitizes UVB-irradiated CHK to apoptosis.
To further identify which CDase isoforms protect against
UVB-induced apoptosis, we next transduced CHK with
small interfering RNA (siRNA) against either aCDase and/or
nCDase. Quantitative reverse transcriptase-PCR analysis rev-
ealed that mRNA levels for aCDase and nCDase decreased to
30 and 35%, respectively, of control CHK transduced with
scrambled siRNA (Po0.01; not shown). Increased apoptosis
became evident at 24 hours in CHK irradiated with L-UVB
that were transduced with siRNA for either aCDase and/or
nCDase (Figure 2b), with a further increase in apoptosis
levels after H-UVB at 24 hours (Figure 2b). PARP cleavage
also increased in L-UVB-treated cells transduced with siRNA
against either aCDase or nCDase (Figure 2c). Finally,
combined siRNA blockade of both aCDase and nCDase
further increased apoptosis levels (Figure 2b), and PARP
cleavage also increased in such doubly inhibited cells after
L-UVB or H-UVB irradiation (Figure 2c). Yet, despite reduced
mRNA expression, transduction of siRNA for either aCDase
and/or nCDase alone did not significantly increase apoptosis
levels in sham-UVB-treated cells, as assessed by the lactate
dehydrogenase release assay (Figure 2b). Moreover, PARP
cleavage was not evident in cells treated with siRNA against
either aCDase alone or nCDase alone, or both aCDase and
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nCDase, as well as cells transduced with random siRNA
(Figure 2c). PARP cleavage was also not evident in random
siRNA-transfected CHK exposed to L-UVB treatment (Figure
2c). In parallel with increased apoptosis, radiolabeled Cer
accumulated significantly in CHK transduced with the
combined siRNA (to aCDaseþ nCDase) after 24 hours of
L-UVB irradiation (Figure 2d). Yet, labeled Cer levels already
returned to normal in either mock- or scrambled-siRNA-
transduced cells by this time point (Figure 2d, cf. Figure 1b
and c). These results indicate that UVB decreases aCDase and
nCDase activities in parallel with both increased cellular Cer
levels and apoptosis.
Decreased CDase activity sustained in H-UVB-irradiated CHK
We next investigated whether alterations of CDase activityies
account for Cer accumulation in CHK after UVB irradiation.
Both aCDase and nCDase activities declined initially after
either L-UVB or H-UVB, with the decrease in aCDase activity
being greater than the changes in nCDase activity (Table 1).
However, the activities of both CDase isoforms returned to
normal levels (but did not increased further) by 24 hours
after L-UVB-treated CHK (Table 1). In contrast, sustained
decreases in the activities of both CDases became evident in
H-UVB-treated CHK (Table 1), which also exhibited apopto-
sis (cf. Figure 1a), suggesting that CDase activities regulate
cell fate after UVB irradiation.
Changes in CDase mRNA and protein levels in
UVB-treated CHK
We next investigated the basis for the changes in CDase
expression after L-UVB versus H-UVB irradiation. aCDase
mRNA levels did not change initially (at 8 hours) after either
L-UVB or H-UVB treatment versus sham-irradiated, control
CHK (Figure 3a), whereas at 24 hours, aCDase mRNA levels
decreased by almost 50% in H-UVB but not in L-UVB-treated
cells (Figure 3a). Thus, the decrease in aCDase mRNA
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Figure 1. Apoptosis is only evident in parallel with sustained elevation of ceramide (Cer) in high UVB (H-UVB)-treated cultured human keratinocytes (CHK),
whereas inhibition of ceramidase (Cdase) potentiates UVB-induced apoptosis. CHK were treated with low UVB (L-UVB) (30mJ cm2) or H-UVB
(60mJ cm2). (a) Apoptosis was assessed by TUNEL staining and poly(ADP-ribose) polymerase cleavage (western immunoblot analysis). Cell lysates were
combined from five to seven individual treatment groups. MW, molecular markers. (b) Cer synthesis was assessed by [3H]palmitate incorporation into
Cer fraction. (c) Cer content. Similar results were obtained when the experiment was repeated (twice) using different cell preparations (a-c).
(b and c) Mean±SD from three independent treatments. Bar¼ 50mm.
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expression correlates with diminished aCDase activity,
observed in similarly irradiated cells (cf. Table 1). nCDase
mRNA expression decreased at 8 hours in response to both
L-UVB and H-UVB treatment (Figure 3a). However, nCDase
mRNA expression levels again normalized by 24 hours in
L-UVB-treated keratinocytes, while remaining low in H-UVB-
treated cells (Figure 3a), paralleling changes in enzyme
activity (cf. Table 1). As mRNA levels for several other lipid
metabolic enzymes either remained unchanged or were
minimally elevated after H-UVB (not shown), nonspecific
downregulation of gene expression is not likely to be
responsible for the observed decreases in CDase mRNA
levels.
We next assessed the corresponding alterations in enzyme
protein levels after UVB. Western immunoblot analysis
revealed that aCDase protein levels decreased to 75–80%
of sham-irradiated controls after both L-UVB and H-UVB at
8 hours (Figure 3b and c), returning to near-control levels by
24 hours only in L-UVB-treated CHK, becoming still lower in
H-UVB treated CHK (Figure 3b and c). Consistent with
previous studies of nCDase (Franzen et al., 2001), two bands
were detected in the 100–120 kDa range in CHK (Figure 3b).
Similar to alterations of aCDase, nCDase protein levels
decreased by approximately 25% after L-UVB treatment at
8 hours compared with sham controls, and returned to
control levels by 24 hours, whereas H-UVB led to diminished
nCDase protein levels at both 8 and 24 hours after irradiation
(Figure 3b and c). Thus, changes in both mRNA and protein
expression seem to account for the altered CDase activities
after UVB irradiation.
Further conversion of sphingosine to S1P is required to protect
against UVB-induced apoptosis
We next investigated whether further conversion of sphingo-
sine to S1P contributes to the protection of CHK from
UVB-induced apoptosis. Neither treatment with dimethy-
sphingosine , an inhibitor of SPHK alone, nor with L-UVB
alone increased apoptosis levels in CHK, whereas the
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Figure 2. Blockade of ceramidase (CDase) activities sensitizes cultured human keratinocytes (CHK) to UVB-induced apoptosis. (a) Low-UVB (L-UVB)-treated
CHK were incubated for 8 hours with or without the CDase inhibitor, N-oleoylethanolamine (NOE) (20mM in DMSO). (b and c) Apoptosis in CHK transfected
with small interfering RNA (siRNA) for acidic aCDase (aCDase) and/or neutral CDase (nCDase) was assessed by lactate dehydrogenase release assay and/or
poly(ADP-ribose) polymerase cleavage 24hours after UVB irradiation. (b) *Po0.01 versus. sham- or L-UVB-irradiated cells or sham-irradiated-random-siRNA-
transfected cells; **Po0.01 versus sham-irradiated-aCDase and/or nCDase-siRNA-transfected cells. Samples that were not originally run next to each other were
juxtaposed in the Figure. (d) Cer production was determined 24hours after UVB irradiation. n¼ 4–6, mean±SD. Similar results were obtained when the
experiment was repeated (a–d).
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same concentration of dimethylsphingosine significantly
increased apoptosis levels in L-UVB-irradiated CHK, and
further sensitized cells to apoptosis after H-UVB-treatment
(Figure 4a).
We next reduced SPHK1 and SPHK2 expression using
siRNA against these two SPHK isoforms, the only two
isoforms identified to date in mammalian species (Pyne
et al., 2009). SPHK1 and SPHK2 mRNA levels decreased to
35 and 36%, respectively, versus scrambled siRNA-trans-
duced, control CHK (Po0.01; not shown). Whereas trans-
duction of siRNA for either SPHK1 or SPHK2 alone did not
significantly alter apoptosis levels, apoptosis rates increased
significantly in CHK treated with siRNA for SPHK1 and
irradiated with L-UVB (Figure 4b). In contrast, siRNA against
SPHK2 did not significantly increase apoptosis in similarly
treated cells (vs. random-siRNA-transduced irradiated CHK).
Finally, we assessed mRNA levels for SPHK1 and SPHK2 in
CHK after UVB irradiation. Whereas SPHK1 mRNA levels did
not change significantly at both 8 and 24 hours, SPHK2
mRNA expression decreased at both time points (L-UVB:
decreased to 51 and 62% at 8 and 24 hours, respectively;
H-UVB: decreased to 46 and 44% at 8 and 24 hours,
respectively, vs. sham-irradiated controls). These results
suggest that conversion of sphingosine to S1P by SPHK1,
rather than by SPHK2, is a dominant protective step in UVB-
irradiated CHK.
DISCUSSION
Keratinocytes are required to generate abundant Cer for
epidermal barrier formation to prevent excess transcutaneous
water loss (Holleran et al., 2006). Hence, epidermis is
continuously threatened with premature apoptosis, even in
the absence of an attack by oxidative stressors, which further
increase cellular Cer levels. Thus, keratinocytes must use
protective mechanisms to restrict intracellular Cer levels.
Table 1. CDase activities in CHK after UVB
irradiation
Enzyme activities
aCDase nCDase
(% Of sham-irradiated controls)
Sham 100±7 100±5
L-UVB
8 h 56±7* 75±9*
24 h 84±17 99±4 Recovered
H-UVB
8 h 66±8* 85±7
24 h 45±8** 47±5** Remain low
Abbreviations: aCDase, acidic CDase; CDase, ceramidase; nCDase,
neutral CDase; CHK, cultured human keratinocytes; H-UVB, high-dose
UVB; L-UVB, low-dose UVB.
Legend: CHK were treated with either L-UVB or H-UVB. n=3; *Po0.01,
**Po0.001 vs. sham-irradiated controls.
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Figure 3. Alterations of mRNA and protein levels of neutral ceramidase
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ceramidase (CDase) mRNAs in cultured human keratinocytes (CHK) were
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Cer levels can be restricted by either synthetic pathways, for
example, conversion of Cer to either GlcCer or sphingomye-
lin (SM), and/or catabolic pathways. We previously demon-
strated that Cer-to-GlcCer conversion (but not Cer-to-SM
conversion) increased in CHK after UVB irradiation (Uchida
et al., 2003), and that a selective decrease in SM production
is, in part, due to the diminished function of cer transfer
protein, that is, ceramide transport protein, which transports
Cer from the endoplasmic reticulum to trans golgi in prepara-
tion for SM synthesis after oxidative stress, including both
L- and H-UVB irradiation (Charruyer et al., 2008). Thus, the
Cer-to-SM pathway likely does not protect CHK against
Cer-induced apoptosis after UVB. Here, we demonstrate a
second protective mechanism, namely, that Cer hydrolysis,
followed by sphingosine-to-S1P conversion, represents another
mechanism that protects keratinocytes exposed to UVB
irradiation (Figure 5a).
Our previous studies revealed that all five mammalian
isoforms of CDase, that is, (1) aCDase (Koch et al., 1996); (2)
nCDase (El Bawab et al., 2000; Mitsutake et al., 2001); (3)
alkaline-CDase 1 and 2 (Mao et al., 2003; Xu et al., 2006);
and (4) phytoalkaline-CDase (Mao et al., 2001), are
expressed in human and murine epidermis, as well as in
CHK (Houben et al., 2006). Isoform function is likely to be
dictated by the epidermal cell layer(s) in which it (they) is
(are) principally expressed. Among these isoforms, aCDase
gene expression increases progressively during keratinocyte
differentiation, and abundant aCDase is present in the other
nucleated layers of epidermis (Houben et al., 2006).
Conversely, both nCDase and phytoalkaline-CDase are
downregulated during differentiation; instead, their activities
peak in basal (undifferentiated) keratinocytes, in which
nCDase seems to predominate (op. cit). As undifferentiated
keratinocytes used in the current studies express little
sphingolipid containing phytosphingosine, the substrate of
phytoalkaline-CDase (Ponec et al., 1988; Hamanaka et al.,
2005), we focused here on aCDase and nCDase as the most
likely isoforms to regulate intracellular Cer levels in
keratinocytes, and clearly show the importance of both of
these isoforms in protection from UVB-induced Cer accu-
mulation. Yet, it remains possible, although unlikely, that one
or both of the other CDase isoforms can also confer
protection.
The known localization of the CDase isoforms to specific
intracellular compartments can also provide clues into the
cellular basis for the protective role(s) of each isoform. As
aCDase localizes to the lysosomal compartment, aCDase can
regulate levels of Cer imported from the plasma membranes
into the lysosomal compartment by endocytosis (van Meer
and Lisman, 2002). Cer generated in mitochondria, which
can cause apoptosis (Birbes et al., 2001; Dai et al., 2004),
can be hydrolyzed by nCDase localized in mitochondria
(El Bawab et al., 2000; Mitsutake et al., 2001; Hwang et al.,
2005). nCDase localized to plasma membranes (El Bawab
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sphingosine-1-phosphate (S1P), as well as regeneration of glucosylceramide
(GlcCer), but unlikely sphingomyelin (SM), to protect against Cer-induced
apoptosis.
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et al., 2000; Mitsutake et al., 2001; Hwang et al., 2005) may
also decrease Cer produced from SM by sphingomyelinase
activities.
We showed here that both aCDase and nCDase activities
in CHK decrease after both L- and H-UVB irradiation, but
activities return to normal in L-UVB but not H-UVB-irradiated
CHK. Moreover, CDase activities do not further increase
compared with sham-irradiated control cells. These results
suggest that CHKs possess and use homeostatic mechanism(s)
that can restore and maintain enzyme activity after L-UVB,
but that H-UVB exposure can overwhelm this (these)
mechanism(s) (Figure 5b). aCDase activities and protein
levels decreased in both L-UVB- and H-UVB-irradiated CHKs
initially (8 hours), whereas mRNA levels remain at control
levels. Given that aCDase is proteolytically processed from a
single precursor peptide to the mature heterodimeric enzyme
(Koch et al., 1996), either posttranscriptional modification or
enzyme degradation can account for the early decline in
aCDase activity. In contrast, nCDase mRNA levels decrease
in CHK, regardless of UVB dose, suggesting that down-
regulation of nCDase gene expression, as well as enzyme
degradation, can account for decreased activity of this
isoform. However, as changes in nCDase activity and protein
levels in both L-UVB- and H-UVB-irradiated CHK (at 8 hours)
were less than the changes in aCDase activity and protein
levels, an as-yet-unknown cofactor(s) that is (are) influenced
by UV irradiation can be present to regulate nCDase
activities. Hence, normalization of aCDase and nCDase by
the restoration of transcription and/or posttranscriptional
modifications of these enzymes is/are pivotal step(s) in the
protection against Cer-induced apoptosis.
We also demonstrate here that the SPHK1 isoform, rather
than SPHK2, likely provides a further distal protective
mechanism in keratinocytes. In contrast, S1P generated by
SPHK2 has been shown to be antimitogenic or proapoptotic
(Maceyka et al., 2005; Okada et al., 2005), and apoptosis did
not diminish in H-UVB-irradiated CHK transduced with
SPHK2 siRNA. Hence, SPHK2 is unlikely to affect cell fate
in CHK after UVB.
Cer, which increase late in keratinocyte differentiation, are
critical for the formation of the epidermal permeability barrier
in the stratum corneum. As most of these Cer are converted
initially into GlcCer and SM, which in turn are sequestrated
within epidermal lamellar bodies (Grayson et al., 1985;
Holleran et al., 2006), it is unlikely that this pool of GlcCer
and SM contributes to the increase in cellular Cer that follows
UVB irradiation. Moreover, although Cer are abundant in the
stratum corneum, it is unknown whether these Cer can
reenter subjacent nucleated keratinocytes, threatening these
cells with apoptosis after UVB irradiation. In addition to UVA
and UVB, certain wavelengths of visible light generate
oxidative stress (Liebmann et al., 2010), which can increase
Cer levels and induce apoptosis in keratinocytes. Whether
protective mechanisms that we demonstrate here can protect
keratinocytes not only against UVB but also from other
wavelengths of light remains unknown. Finally, our previous
studies show increased Cer production in murine epidermis
after UVB irradiation (Holleran et al., 1997). The same
protective mechanisms, for example, the cer-to-sphingosine-
to-S1P pathway, are likely to be operative in vivo, although
this has not yet been demonstrated.
MATERIALS AND METHODS
Materials
Cer, GlcCer, and SM were from Avanti Polar Lipids Inc. (Alabaster,
AL) and Sigma (St Louis, MO). N-oleoylethanolamine and dimethyl-
sphingosine were from Matreya (Pleasant Gap, PA). Radiolabeled
chemicals were from American Radiolabeled Chemicals Inc.
(Arlington Heights, IL) and Sigma. C12-NBD-Ceramide was from
Invitrogen Co. (Carlsbad, CA). Antihuman aCDase, PARP, and
b-actin antibodies were from BD Sciences (Franklin Lakes, NJ),
Cell Signaling Technology (Beverly, MA), and Sigma, respectively.
Cell culture and UVB irradiation
Normal human keratinocytes were isolated from neonatal foreskins
as described previously (Pittelkow and Scott, 1986; Holleran et al.,
1990) under an Institutional Review Board-approval protocol
(University of California, San Francisco, CA). Consent for experi-
ments was not necessary. The study was conducted according to the
Helsinki guidelines. Undifferentiated keratinocytes cultured in
keratinocyte growth medium supplemented with epidermal growth
factor, bovine pituitary extract, insulin, hydrocortisone, and 0.07mM
calcium (Cascade Biologics/Invitrogen) were exposed to a single
dose of UVB (30–35 or 60–65mJ cm2, defined as L- or H-UVB,
respectively) as described previously (Uchida et al., 2003).
Assays for apoptosis
Apoptotic cells were assessed both by TUNEL assay using the DNA
Fragmentation Detection Kit (EMD Biosciences, La Jolla, CA) and
by PARP cleavage by western immunoblot analysis (see below).
Additionally and/or alternatively, lactate dehydrogenase release
into the culture medium and cellular dehydrogenase activities
were used as a measure of cell death, using the Cytotoxicity Assay
Kit (Promega, Madison, WI) and Cell Counting Kit (Dojindo
Molecular Technologies, Inc., Gaithersburg, MD), respectively.
Results from lactate dehydrogenase release assay were reported
as the relative toxicity to 100% cell death induced by 0.1% Triton
X-100 treatment.
Lipid analysis
Total lipids were extracted from CHK and separated into individual
lipid species by thin layer chromatography (Uchida et al., 2003).
Cer content was quantitated by scanning densitometry (Uchida
et al., 2003). Cer production was assessed by [9,10–3H]palmitic acid
incorporation into Cer fraction, that is, cells were cultured with
[9,10–3H]palmitic acid (1.5 mCiml1) for the final 6 hours after
irradiation. Radioisotope incorporation into each lipid fraction was
measured by liquid scintillation (Uchida et al., 2002). Sphingosine
content was quantitated using HPLC, with fluorescence detection as
previously reported (Min et al., 2002).
CDase activity assay
CDase activity in cell lysates was measured using [3H]palmitoyl-
D-erythro-sphingosine (for aCDase) or C12-NBD-Ceramide (for
nCDase) as the substrate, respectively as described previously
(Houben et al., 2006).
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Western immunoblot analysis
Western immunoblot analysis was performed as described previ-
ously (Uchida et al., 2002). Intensity of bands was measured with
a LAS-3000 (Fuji Film, Tokyo, Japan). Relative expression levels of
CDase were determined versus that of sham-irradiated control cells.
Quantitative reverse transcriptase-PCR analysis
Quantitative reverse transcriptase-PCR was performed as described
previously (Houben et al., 2006). RNA levels were normalized to
18S ribosomal RNA expression.
Enzyme blockade with siRNA
siRNA for human nCDase, aCDase, SPHK1, and SPHK2 (B-Bridge
International, Sunnyvale CA) was used to silence gene expression.
Random siRNA (Ambion or B-Bridge International) served as a
negative control. siRNA (45 nM) was transfected into CHK using
siFect (B-Bridge International). CHK were treated with UVB 48hours
after transduction with siRNA.
Statistical analyses
Unpaired Student’s t-test was used.
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